R eliable tools for the prediction of aeroacoustic noise are of major interest for the car industry and also for the vendors of heating, ventilation and air conditioning (HVAC) systems whose aim is to reduce the negative impact of HVAC noise onto passengers. In this work a hybrid approach based on the acoustic perturbation equations is tested for this purpose. In a first step, the incompressible flow field is computed by means of a commercial finite volume solver. A large eddy simulation turbulence model is used to obtain time resolved flow data, which is required to accurately predict acoustic phenomena. Subsequently, the aeroacoustic sources are computed and conservatively interpolated to a finite element grid, which is used to calculate the sound radiation. This procedure is tested for an HVAC unit, a radial blower and finally for a complete system, which combines these two components. Measurements of the aeroacoustic noise excited by these components are performed in a semi-anechoic chamber. The comparison of spectra obtained from the simulations and the experiments reveals a good agreement up to a specific frequency.
Introduction
T he comfort of passengers in cabins of ground vehicles is one major objective in car development. Beside haptics, usability, and smell, the noise environment got into the focus of the car industry in recent years. A low noise level inside the car cabin enables the use of new technologies like hands-free speakerphones and voice control, whose fault liability improves with a lower background noise level. In this context, the noise of the heat, ventilation and air conditioning systems (HVAC systems) plays a significant role.
Typically, vehicle HVAC systems consist of several components which are flown through by the air. The air is sucked in by a radial blower that equips the air with sufficient energy to compensate for the pressure loss of the downstream component. Subsequently, the air passes the HVAC unit, where it is either cooled or heated and distributed into several channels which guide the air to the outlets inside the cabin. Due to the limited installation space and the requirement to regulate the transported air volumes the components of such a system can be very complex with respect to their geometry.
During the design process of HVAC system components the numerical simulation of aeroacoustic noise can be a key step. In contrast to experiments it gives the opportunity to not only measure the acoustic noise but also analyze the flow field and associated structures in the acoustic sources. Furthermore, it gives an insight into the sound propagation field. Hence, it can provide useful information, which designers can utilize to minimize unwanted sound emission.
The aim of this work is to test a hybrid numerical approach for the prediction of aeroacoustic noise on components of HVAC systems. These simulations were carried out in three steps. First of all, an incompressible flow simulation was carried out. Thereby, no acoustic pressure fluctuations are included in the flow results. For this purpose scale resolving turbulence models were used, which provide a detailed insight into the flow structures. Subsequently, aeroacoustic sources were computed on the flow mesh. After their conservative interpolation to a coarser grid the propagation of acoustic waves was computed by means of a finite element solver.
Alternative approaches for the aeroacoustic noise prediction of HVAC systems were proposed by Martínez-Lera et al., who coupled the flow simulation to finite element and boundary element simulations [1] . While latter was easier to use, the former had the advantage to require lower computation time. Another famous approach in this field of application is the lattice Boltzmann method, which enables a direct noise computation and was, for example, used by Aissaoui et al. [2] . Sack et al. [3] recently presented a new approach for flow noise prediction based on the linearized Navier-Stokes equations (LNSE). However, this idea was tested only for geometries of lower complexity than that investigated in this study.
In the following the coupling approach between flow and acoustic simulations will be introduced. Subsequently, its application to an HVAC unit will be outlined. Furthermore, the same approach will be tested on a radial blower of an HVAC system. Finally, the simulation domains of the blower © 2018 SAE International. All Rights Reserved. and the HVAC unit were spliced to yield in simulations which consist of both components.
Hybrid Aeroacoustic Approach
From a physical point of view, the acoustics are a part of the flow field. Thus, if one solves the compressible Navier-Stokes equations one yields flow and also acoustic pressure fluctuations superimposed in one quantity. However, the acoustic pressure fluctuations are of much smaller amplitude than the flow pressure fluctuations and therefore hard to identify from a compressible flow simulation. As a consequence, it is advantageous to use a hybrid approach which separately provides the flow and acoustic fields. The approach used in this work is based on the acoustic perturbation equations (APE) which were derived by Ewert and Schröder [4] .
At first the incompressible Navier-Stokes equations (1) and (2) are solved. Thereby, v i denotes the flow velocity, p denotes the pressure. ρ 0 is the density and ν the kinematic viscosity which are constant fluid parameters.
The obtained flow field does not contain any information about the acoustics due to the missing compressibility of the fluid. The advantage of such a flow simulation is the reduced computational cost in comparison to a compressible simulation.
In order to compute the acoustic propagation a second set of equations, which are also based on the compressible Navier-Stokes equations needs to be solved. The idea of the APE is to split the flow field variables (pressure, velocity and density) into a mean part, a fluctuation part due to the flow, and a fluctuation part due to the acoustics [4] . This approach is similar to the linearized Euler equations (LEE). This splitting technique is based on the assumption, that the acoustic variables are fluctuating and that a compressible medium is required to model acoustic effects. Furthermore, the acoustic scalar potential ψ a , which allows for the computation of the acoustic particle velocity v i a by equation (3) is introduced.
Using these definitions and assumptions, the perturbed convective wave equation (PCWE) (4) can be derived, which makes use of the total differential as defined in equation (5) 
The overlined quantities indicate temporal mean values. The variable v i r denotes the rotational velocity, which only needs to be applied in domains which are rotated and c 0 denotes the speed of sound. The flow field and also the acoustic source on the right hand side of equation (4) were computed on the finite volume mesh used during the flow simulation. The factor b s is a spatial damping factor, which was used to suppress the acoustic sources of coarse mesh cells and to damp the sources in upstream and downstream directions [6] . After a conservative interpolation of the sources to a finite element grid, this mesh is used to compute the acoustic source propagation.
This aeroacoustic approach enables the computation of acoustic sources from incompressible flow data and the sound propagation under consideration of diffraction effects due to the mean flow velocities. The partial differential equation, which has to be solved solely contains the unknown ψ a . After solving this equation the acoustic pressure p a can be computed by equation (6) .
Application to HVAC Components
In the following, the simulation of an HVAC unit will be the first example to be shown. This component is typically the most complex part in the whole HVAC system. Subsequently, the simulation of a radial blower will be presented, which is used in many HVAC systems for the air supply. Finally, a simulation will be presented which combines both of these components.
The given results have partly previously been presented in [6] and the results of comparable simulations were released in [7] .
HVAC Unit
In Figure 1 the HVAC unit is shown as it was set-up during the experiments. These were performed at a semi-anechoic chamber at the University of Erlangen-Nürnberg, thus free field conditions were realized. Downstream to the unit a settling chamber was placed to obtain an uniform inflow of a constant mass flow rate of 3.5 kg/min at the intake of the HVAC unit. The heat exchanger of the cooling unit were removed and the inner flaps of the HVAC unit were set up to bypass the heater. Hence, no porous media were needed to be modeled in the simulation. A distribution chamber was also part of the HVAC unit. It contained the intake to several channels, which usually distribute the air to all air outlets in the vehicles cabin. Only one of these outlets was remained open, while the others were closed. By blowing smoke through the HVAC unit remaining leakage openings were detected and closed. Overall seven microphones were placed 1 m away from the remaining open outlet, which were used to validate the acoustic simulation results.
Flow Simulation In order to perform the flow simulations the commercial finite volume solver Star-CCM+ was utilized [8] . This tool was also used to create the flow mesh. Therefore the Trimmed Mesher [8] algorithm was applied, which creates meshes which dominantly consist of hexahedron cells. The finest cell size of 0.3 mm was selected directly at the outlet of the HVAC unit, where the highest flow velocities were expected due to the small cross section area. Downstream to the outlet the mesh was gradually coarsened with the distance to the HVAC unit in the region were a free jet was expected to develop. Inside the HVAC unit a cell size of 1.2 mm was set up. The geometry inside the HVAC unit is rather complex. As a consequence, the creation of many prism layers at the wall could easily yield in a very high cell count and also increases likelihood to obtain cells of bad quality. As a consequence, four layers of prism cells were built up at surfaces, where high flow velocities were expected and the flow was expected to be attached to the wall. At regions which appear as cavities and are bypassed by the main flow only one layer of prism cells was applied. With these prism layer settings a dimensionless wall distance y + of about 1 could not be achieved and a wall model was consequently applied. The final mesh consisted of about 40 million cells.
The settling chamber was also modeled by the simulation and a mass flow inlet with a flow rate of 3.5 kg/min was set-up at its inlet. A zero pressure outlet boundary condition was used about 3 m far from the outlet of the HVAC unit. The WALE large eddy simulation turbulence model was selected to model the turbulent scales, which could not be captured by the chosen cell sizes [9] . For the gradient computation the Green-Gauss scheme with a MinMod limiter was chosen and a bounded central difference scheme for the discretization of the convective terms [8] . For the time discretization an implicit second order backward scheme was used with a time step size of 5 · 10 −6 s, which was small enough to yield CFL numbers below one. The coupling of flow pressure and flow velocity was realized by the SIMPLE solver algorithm. The source term of the PCWE approach requires the incompressible flow pressure of the flow simulation as input variable. Hence, it is important that the pressure field does not suffer from significant noise, which might be caused by the numerical solving procedure. For this simulation it found to be advantageous to set up a W-Cycling strategy with one pre-and one post-sweep per iteration for the pressure solver to inhibit numerical oscillations [7] .
The velocity magnitude field at one time step inside the HVAC unit is depicted in Figure 2 . The highest velocities of about 16 m/s occurred directly at the outlet of the unit, where the smallest cells of 0.5 mm edge length were placed. Inside the unit the flow field appeared to be very chaotic and did not seem to have a distinct direction. The pressure loss obtained from the simulation was 107.4 Pa which underestimated the pressure of 121.4 Pa detected during the experiments by about 12%. This could be caused by the low number of prism layers during the simulation. The flow data of about 0.14 s real time was exported for the computation of aeroacoustic sources and the sound propagation simulation.
Acoustic Simulation Prior to the calculation of the sound radiation, the acoustic sources were evaluated on the flow mesh by use of the in-house tool cplreader. The most intense source at the HVAC unit appeared at the outlet close to the throttle flap. Furthermore, sources appeared in the downstream jet. This source region is shown in Figure 3 .
In equation (4) the spatial damping function b s was introduced to spatially blend out the acoustic impact of unwanted sources. This function is one in regions where sources were fully recognized and zero were acoustic sources were completely suppressed. In the case of the HVAC unit, two variants of b s were defined as illustrated in Figure 4 . One variant cut the sources very close to the outlet of the HVAC unit. Thus, it did not consider sources of a large part of the jet region. This variant is shown on the left. In contrast the variant of b s shown on the right side included major parts of the jet.
The acoustic simulation grid was created by use of the meshing tool Ansys ICEM-CFD [8] . In contrast to the flow mesh, it may not contain any polyhedral cells. Two meshing strategies were combined for this case. Inside the HVAC unit itself a unstructured mesh of tetrahedrons was created with an element size of 0.8 mm to 8 mm. At the intake of the HVAC unit and in the far-field a structured mesh of hexahedron cells was created with an element size of 16 mm. Furthermore, three element layers were extruded at the far-field and the inlet, in which a perfectly matched layer (PML) technique was applied to realize free-field boundary conditions for the sound propagation and inhibits reflections of sound waves [11] . Overall the mesh contained about 1.5 million nodes and 3.7 million elements. For the acoustic propagation simulation a coarser time step of 10 −5 s was chosen. The acoustic propagation simulation was performed by use of the finite element solver CFS++ [12] .
The power spectral density (PSD) obtained from these simulation at one far-field microphone position is plotted in Figure 5 against the frequency. At all other far-field microphones the same observations were made.
A good agreement to the experimental results was achieved for frequencies up to about 5 kHz if the damping function was used that cuts the sources close to the outlet. If the damping function far to the outlet was chosen, the numerical noise got dominant for frequencies larger than about 2.5 kHz. This effect could be associated to the cell sizes of the flow mesh. Downstream to the outlet the mesh was gradually coarsened inside the jet region. The damping function far from the outlet features also sources of cells with a size of 4.8 mm whereas the coarsest cells captured by the close damping function are about 0.6 mm large. The coarse cells were not capable to appropriately capture the high frequency components. The pressure signals obtained from these cells of the flow simulation suffered from aliasing effects, which masked the sound signals obtained from the fine mesh placed directly at the outlet.
Radial Blower
The chosen radial blower is typically placed into the whole climate system downstream to the HVAC unit. In order to obtain validation results experiments were also performed in a semi-anechoic chamber in a similar way as for the HVAC unit. This measurement set-up is shown in Figure 6 .
Far-field microphones were placed about 1 m away from a diffusor, which was placed downstream to the radial housing of the blower itself. The mass flow was set to the same rate as for the HVAC unit to 3.5 kg/min and the rotation rate of the impeller was set to 1860 rpm.
The obtained flow field at one time step inside the radial housing is shown in Figure 7 . The maxima of the velocity magnitude are larger than for the HVAC unit and velocities of up to 30 m/s were achieved at the passages between the impeller blades. Downstream the velocities decreased. At the inlet of the simulation domain a pressure of −181.47 Pa was detected during the simulation, which underestimated the pressure of the experiments of −169 Pa by about 7.4%. Hence, the pressure jump due to the blower was accurately reproduced by the flow simulation.
Acoustic Simulation The acoustic sources inside the radial housing are depicted for one time step in Figure 8 . The regions of the highest source intensities were between the impeller blades at the angle position, where also the highest flow velocities were observed. Furthermore downstream to the impeller blades sources appeared. Their intensity rapidly decayed when moving downstream and into the diffuser.
Beside the sources inside the radial housing sources were also noticed in the jet, which formed out downstream to the diffuser as the air leaved the inner channels. According to these source regions two spatial damping functions b s were defined whose spatial distribution is shown in Figure 9 . The function on the right side included the source contributions of the jet whereas this was not done by the function on the left.
For the creation of the finite element grid the same procedure as for the HVAC unit was chosen. An unstructured grid region was created inside the radial housing with an element size of 0.8 to 2 mm at the impeller blades and at the interface. The extent of the rotating domain was chosen to exactly be the same as for the flow simulation. The interface was realized by use if Nitsche's method, which enables the propagation of sound waves across the non-conforming interface. Inside the radial housing an element size of up to 12 mm was chosen. In the far-field and at the inlet structured meshes of hexahedrons with a size of 14 mm were utilized. This mesh contained 0.9 million nodes and 2 million elements.
A PSD spectrum evaluated at one far-field microphone position is shown in Figure 10 . In this simulation case no significant differences occurred due to the chosen spatial damping of the source. The jet is actually of minor importance for the acoustics of this blower at the given state of operation. Slight differences appeared at frequencies higher than 3.5 kHz. These could also be associated to the coarsened flow mesh cells inside the jet. Up to about 3.5 kHz both simulations were in excellent agreement with the measurement. The blower had a blade passing frequency of 1.33 kHz at this operating point, which did not occur as a tonal peak in the experiment as well as in the simulation.
Simulation of the Complete System
After a good agreement with the experimental results could be achieved for the acoustic noise propagation in the far-field for the HVAC unit and also the radial blower, a combined simulation of the complete system was performed. The resulting flow field at one time step of this simulation is depicted in Figure 11 . The housing of the components is transparently shown. The simulation domain of the radial blower was spliced to the intake of the HVAC unit downstream to the diffusor. The flow solver settings were chosen equally to the simulation of the radial blower. The smallest cell sizes of 0.375 mm were set up at the impeller and the outlet of the HVAC unit. Also up to four prism cell layers were applied, which yielded in an overall cell size of 54 million cells. Twelve million of these were placed in the rotating region. In the experiments an inlet pressure of −70 Pa was detected, whereas it was −86 Pa in the simulations. This is an underestimation of about 16 Pa. Approximately 10 Pa of these could be associated to the HVAC unit itself and the remaining 6 Pa to the radial blower. Hence, the flow simulation of the complete system obtained pressure fields which were comparable to the pressure fields of the separated components.
The most intense aeroacoustic sources appeared in the same regions that were identified in the previous simulations. These are the outlet of the HVAC unit and at the impeller blades. The chosen spatial damping function was a combination of the damping functions of the radial blower towards the intake side of the system and the damping function close to the outlet of the HVAC unit at the downstream side. For the creation of the acoustic finite element grid the unstructured mesh parts of both components were spliced. The grid at the inlet was taken from the radial blower simulation and the far-field grid with its PML from the HVAC unit simulation. This grid consisted of about 1.8 million nodes and 5.9 million elements. A PSD spectrum in comparison to the experiments is shown in Figure 12 . An excellent agreement to the experiments could be achieved for frequencies up to 3.5 kHz. This far-field microphone had the same position relative to the HVAC unit as the microphone chosen for Figure 5 . These spectra actually look very similar. This indicates that the downstream HVAC unit is the major impact factor for the aeroacoustic noise in this complete system. The aeroacoustic noise of the radial blower appeared to be masked. However, it has to noted that the channel, which connects the blower and the HVAC unit, is very long in this configuration, which is typically not the case for these components inside a vehicle where the installation space is limited. If these components would be closer to each other the interaction of their flow and also acoustic fields might increase.
Summary/Conclusions
A simulation procedure was presented, which combined a finite volume flow solver with a finite element acoustic solver. The PCWE were applied to evaluate the aeroacoustic noise propagation.
For the simulation of the HVAC unit a strong dependence of the simulation spectra on the extent of the chosen source domain was observed. Numerical noise of coarse flow mesh cells could have a significant negative effect on the resultant PSD spectra. However, this effect could not be found for the separate simulation of the radial blower. In contrast, no differences occurred during the simulation of the radial blower for different source damping functions. The flow noise propagating from the jet at the diffuser was found to be negligible.
Excellent agreement of the acoustic far-field spectra of simulations and experiments could be achieved for all tested components and configurations. Hence, the given simulation approach was shown to be applicable to HVAC components the prediction of their noise excited by aeroacoustics.
